Introduction {#Sec1}
============

Since the discovery by Sumio Iijima in 1991^[@CR1]^, carbon nanotubes (CNTs) have attracted tremendous attention, owing to their unique structure and remarkable mechanical, electrical and thermal properties. CNTs has a tensile strength of 10--500 GPa, high thermal conductivity of 3000 Wm^−1^K^−1^ ^[@CR2]^, high surface area of 50 to 1315 m^2^/g ^[@CR3]^, high electrical conductivity (10^6^--10^7^ S/m)^[@CR4]^ and high aspect ratio of greater than 1000^[@CR5]^. These superior properties of CNTs endow themselves with novel technological opportunities as a promising nanofiller material for the reinforcement of composites, in comparison to other carbon nanomaterials. Over the past few decades, significant effort has been focused on the development of high-performance carbon-based polymer composites with improved thermal, mechanical and electrical properties. Reported methods for fabricating carbon-based polymer composite mainly include the incorporation of CNTs in a polymer matrix^[@CR6]--[@CR8]^ and infiltrating CNTs buckypaper with polymer solutions^[@CR9]--[@CR12]^. Several studies have largely focused on improving CNTs dispersion quality in a polymer matrix using methods such as solution mixing^[@CR13]--[@CR15]^, *in-situ* polymerization^[@CR16]--[@CR18]^ and melt processing^[@CR19]--[@CR23]^. However, the incorporation of CNTs in the polymer matrix typically resulted in poor dispersion due to the low solubility in solvents, strong agglomerating tendency and high viscosity of CNTs/polymer suspension. The high tendency of agglomeration of CNTs in polymer suspension is originated by the inherent van der Waals forces of attraction between CNT nanoparticles and weak interfacial bonding between CNTs and polymer matrices^[@CR24],[@CR25]^. Poor dispersion of CNTs within polymer matrices (e.g. thermosets^[@CR26]^, thermoplastics^[@CR27]^ and elastomers^[@CR28]^) eventually affected their mechanical properties and the corresponding strain sensing performance of CNTs/polymer composites^[@CR29]^.

Therefore, new technological advancement in polymeric-based buckypaper materials have generated tremendous attention on the vast strain sensing applications. Strain sensors display diverse functionalities in a wide range of applications, ranging from automotive components to medical devices. For instance, human motion detection in wearable technology^[@CR7],[@CR30]^, structural health monitoring for crack detection^[@CR31]--[@CR33]^, as well as load and damage sensing in aerospace applications^[@CR34],[@CR35]^. Ideally, strain applied is fully transferred to the CNTs in the strain sensor. However, the buckypaper strain sensor has some interlayer sliding deformation within individual CNTs^[@CR36]^ and slippage between CNTs in bundles^[@CR37]^. The slippage among the CNTs in bundles occurs due to weak van der Waals interactions at the junction points of the CNTs, while the interlayer slippage within CNTs occurs due to the sliding of multiple graphene layers of MWCNTs. This may hinder the strain transfer through the strain sensor and affects the performance of strain measurements. Thus, BP/polymer composites are viewed as a viable option to improve the strain transfer across the strain sensor by means of better interfacial bonding. The infiltration of polymer into the porous CNTs network improves interfacial adhesion between the polymer and CNTs, resulting in a stronger bond between the polymer and CNTs with the formation of helical polymer structure^[@CR38],[@CR39]^ In addition, BP/polymer composites have also been considered as a promising option to solve the agglomeration and dispersion issues, producing composites with homogeneous CNTs dispersion, controlled thickness and high CNTs loading of up to 60 wt. %^[@CR40]^. The polymer intercalation of buckypaper offers an attractive route to promote effective load transfer from the polymer matrix to CNTs reinforcement, leading to improved mechanical properties^[@CR41]--[@CR44]^. For instance, Han *et al*.^[@CR37]^ impregnated both pristine BP (p-BP) and functionalized BP (f-BP) into epoxy (EP) resin solution. Under tensile test, the Young's modulus, tensile strength and elongation-at-break achieved by p-BP/EP nanocomposite were 11.2 GPa, 125.7 MPa and 1.9%, as compared to that of p-BP with 1.37 GPa, 11.6 MPa and 8.9% respectively. The p-BP/EP nanocomposite showed an improvement of Young's modulus, tensile strength and elongation-at-break by 718%, 984% and 368% respectively. The Young's modulus, tensile strength and elongation-at-break achieved by f-BP/EP nanocomposite were 13.8 GPa, 146.1 MPa and 1.3%, as compared to that of f-BP with 3.25 GPa, 27.6 MPa and 3.9% respectively. The f-BP/EP nanocomposite showed an improvement of Young's modulus, tensile strength and elongation-at-break by 325%, 429% and 200% respectively^[@CR41]^. Han *et al*.^[@CR42]^ reported that the Young's modulus, tensile strength and maximum strain achieved by optimized MWCNTs BP/TPU nanocomposite were 6.02 GPa, 123.2 MPa and 31.3%, as compared to that of pure BP with 1.37 GPa, 11.58 MPa and 8.89% respectively. In a study of BP/polycarbonate composites using infiltration technique, similar results were found by Pham *et al*.^[@CR43]^, in which the Young modulus and tensile strength increased by about 220 and 300% respectively. Both Young's modulus and tensile strength increased dramatically by 340% and 960% respectively. Besides, the incorporation of BP into polymer matrices offers an attractive route to minimize the percolation threshold issues. Several studies have reported that the electrical conductivities of BP/polymer nanocomposites were in several orders of magnitude higher (10^1^--10^2^ S/m)^[@CR9],[@CR10]^ than that of conventional CNTs/polymer composites (10^−9^ to 10^−2^ S/m)^[@CR14]--[@CR16],[@CR45],[@CR46]^. This is because more conductive pathways can be formed with a higher CNTs loading of up to 60 wt. %^[@CR40]^, as compared to CNTs/polymer composites with CNTs loading of up to 5 wt. %^[@CR16]^.

Based on such background, this research paper emphasizes on the preparation of MWCNTs BP/PVA composite strain sensor by a sequence of vacuum filtration and polymer infiltration technique. The morphologies, mechanical, electrical and electromechanical properties of the composites with different MWCNTs loadings were characterized to validate their feasibility as flexible strain sensors.

Results and Discussion {#Sec2}
======================

Several characterizations were performed to evaluate the suitability and properties of polyvinyl alcohol (PVA) infiltrated MWCNTs buckypaper for strain sensing application. Initally, the covalent functionalization of MWCNTs by liquid phase oxidation was performed to produce oxidized MWCNTs required for the synthesis of MWCNTs buckypaper. Fourier-transform infrared (FTIR) analysis was then performed to validate the attachment of oxygen-containing functional groups on MWCNTs after the chemical functionalization. Zeta potential analysis was carried out to determine the optimized conditions for achieving uniform and stable dispersion of MWCNTs by varying the types of solvents, sonication time and ultrasonic amplitude. Based on the surface modification of MWCNTs buckypaper conducted by infiltrating MWCNTs buckypaper into PVA solution, energy dispersive X-ray (EDX) analysis was performed to identify the elemental composition present on the surface of PVA-infiltrated MWCNTs buckypaper, while field emission scanning electron microscopy (FESEM) was conducted to validate the infiltration of the PVA matrix into MWCNTs buckypaper network. Later, MWCNTs BP/PVA composites with different MWCNTs contents were prepared to investigate the effect of polymer intercalation on the mechanical, electrical and electromechanical properties of PVA-infiltrated MWCNTs buckypaper produced. For the mechanical characterization, tensile tests were performed to evaluate and analyze the mechanical behaviour of the MWCNTs BP and BP/PVA composites based on the stress-strain curves plotted. For the electrical characterization, both two-point probe method using a digital multimeter and four-point probe method using Hall effect measurements were performed to evaluate the electrical performances of the BP/PVA composite. Various electrical properties, such as electrical resistance, resistivity, conductivity, electron density and electron mobility of the MWCNTs BP and BP/PVA composites were determined. For electromechanical characterization, the resistance-strain dependence was examined to determine the gauge factor of the BP/PVA composites, while the cyclic uniaxial tensile test was conducted to investigate the piezoresistive behaviour and reproducibility of the strain sensors during multiple loading-unloading cycles. Finally, all the characterization results were analyzed to determine the most-suitable BP/PVA composite for strain sensing application.

Characterization of oxidized MWCNTs {#Sec3}
-----------------------------------

### Fourier Transform Infrared (FTIR) analysis {#Sec4}

To provide the evidence of the attachment of oxygen-containing functional groups on MWCNTs after chemical functionalization, a comparison of the FTIR spectra of pristine (p-MWCNTs) and oxidized MWCNTs (o-MWCNTs) were shown in Fig. [1](#Fig1){ref-type="fig"}, in the range from 500 to 4000 cm^−1^. FTIR analysis was conducted based on the MWCNTs surface chemistry studies conducted by previous researchers^[@CR47]--[@CR52]^. The broad band with a maximum peak located at 3380 cm^−1^ is assigned to the stretching of strongly hydrogen-bonded hydroxyl (O-H) moieties from carboxyl groups. After the surface medication, a higher intensity of the peak at 3380 cm^−1^ indicated the high degree of covalent functionalization of MWCNTs by liquid phase oxidation using H~2~SO~4~/HNO~3~ mixture. The peaks observed at 3176 cm^−1^ and 2918 cm^−1^ were assigned to the asymmetric and symmetric stretching of C-H group. The increased peak intensity at 2400 cm^−1^, after oxidative treatment was also associated with the O-H stretching of the carboxyl groups. Distinct peaks observed at 3380 cm^−1^ and 2400 cm^−1^ have proved that the O-H stretching of carboxyl groups possesses a wide wavelength range, similar to a work reported by Morsy *et al*.^[@CR48]^. The absorption peak at 1798 cm^−1^ corresponds to the carbonyl (C=O) group, which can be attributed to the stretching vibrations of carboxyl groups (-COOH). The band at 1618 cm^−1^ was related to the backbone of carbon nanotube, alkene (C=C) group, while the region between 1487 and 1333 cm^−1^ was ascribed to the bending of the CH~2~ group. A drastic increase in peak intensity observed at 1103 cm^−1^ was related to the stretching vibrations of more C-O groups, while the band located at 714 cm^−1^ was associated with C-C stretching. The low peaks at 664 cm^−1^ and 595 cm^−1^ corresponded to the negligible existence of C-CI and C-Br halide groups respectively, proving that the oxidation treatment also simultaneously purified MWCNTs. In conclusion, the FTIR measurements have validated the attachments of strongly hydrogen-bonded hydroxyl moieties (O-H) and carbonyl group (C=O) to MWCNTs, which corresponded to the characteristic of carboxyl functional groups (-COOH). A summary of the functional groups assignment of oxidized MWCNTs based on IR spectra was listed in Table [1](#Tab1){ref-type="table"}.Figure 1FTIR spectra of (**a**) pristine MWCNTs and (**b**) oxidized MWCNTs.Table 1Assignment of functional groups of oxidized MWCNTs based on IR spectra.Wavenumber (cm^-1^)Functional groups3380O-H stretching3176C-H asymmetric stretching2918C-H symmetric stretching2400O-H stretching1698C=O1618C=C1487-1333CH~2~ bending1103C-O stretching714C-C stretching664C-CI595C-Br

### Zeta potential {#Sec5}

A well-dispersed MWCNTs aqueous suspension is crucial for obtaining extraordinary MWCNTs film with superior electrical properties^[@CR53]^ and mechanical properties^[@CR29]^. In this research, the optimized conditions of excellent oxidized MWCNTs (o-MWCNTs) dispersion was found to be using ethanol as a dispersion medium, at an ultrasonic amplitude of 54 μm and a sonication time of 40 min. During the sonication process, MWCNTs are gradually exfoliated and disentangled from MWCNTs bundles and aggregates. The dispersibility of surface-modified MWCNTs with carboxylic groups in polar ethanol was significantly enhanced, owing to the combination of polar-polar affinity and electrostatic repulsion^[@CR54]^. Electrostatic repulsion is originated from the zeta potential analysis of MWCNTs with carboxylic anion groups. Zeta potential analysis was performed using dynamic light scattering (DLS) technique in combination with the influence of an electric field (electrophoresis) to further validate the dispersion stability and surface charge. As shown in Fig. [2](#Fig2){ref-type="fig"}, the zeta potential of o-MWCNTs in ethanol, methanol and acetone are −25.8, −15.3 and −11.7 mV respectively. A negative sign of zeta potential indicates the negative surface charge of MWCNTs nanoparticles due to the presence of -COOH carboxyl groups. The high magnitude of zeta potential resembles the high degree of electrostatic repulsions between adjacent o-MWCNTs nanoparticles in the dispersion medium. The high zeta potential of −25.8 mV indicates that o-MWCNTs were dispersed individually in ethanol without any visible aggregates, resembling a higher dispersion stability. This is because the electrical double layer, consisting of rigid layer attached the particles (Stern layer) and diffuse layer produces the electrostatic repulsion to overcome the van der Waals intra-particle attraction, allowing the o-MWCNTs to be homogeneously dispersed. The zeta potential results obtained are within an acceptable range as the suspensions with a zeta potential value of less than −15 mV or more than 15 mV are considered to be stable due to electrostatic repulsion mechanism^[@CR55]^, whereas a high absolute value of 40 mV is regarded as an indication of high-quality MWCNTs dispersion stability in solvents^[@CR56]^. In conclusion, the electrostatic repulsion between the relatively charged MWCNTs surfaces is crucial for the stabilization of the MWCNTs clusters in aqueous solution.Figure 2Zeta potential of o-MWCNTs dispersed in various solvents under same sonication conditions (40 min sonication at 60% ultrasonic amplitude).

### Morphological examination {#Sec6}

SEM surface images of buckypaper sample are presented quantitatively in Fig. [3](#Fig3){ref-type="fig"} to show the morphology and uniformity of buckypaper samples. In Fig. [3(a)](#Fig3){ref-type="fig"}, surface morphology of MWCNTs buckypaper exhibited dense morphologies with minimal agglomerates. Very few visible pores were observed, even at a high magnification of 100,000×. This indicated that the randomly-oriented MWCNTs bundles were spread homogeneously throughout the surface of buckypaper films, after the surface modification of MWCNTs. The uniform surface dispersion of buckypaper fabricated allows the effective transfer of electrons in the buckypaper, which gives rise to the strain sensing capability of buckypaper.Figure 3SEM surface images under a magnification of 100,000 × (1 μm): (**a**) MWCNTs buckypaper and (**b**) 65-BP/PVA composite.

Based on the surface morphology of the 65-BP/PVA composite shown in Fig. [3(b)](#Fig3){ref-type="fig"}, no visible pores were observed throughout the surface of 65-BP/PVA composite, verifying excellent infiltration of PVA solution into MWCNTs buckypaper network, similar to a previous work^[@CR57]^. Uniformly distributed MWCNTs networks were formed in the composites with high MWCNTs loading, indicating the homogeneous distribution of MWCNTs in the PVA matrix. The homogeneity of 65-BP/PVA film was successfully maintained by a sequence of vacuum filtration process and PVA infiltration. Also, no obvious interfacial defects or delaminations, which may affect the stress transfer from the PVA polymer to the BP film were observed. In addition, the good wettability of PVA on MWCNTs facilitated the effective infiltration of PVA into the gaps of the porous network of MWCNTs, forming the relatively defect-free composite film. In conclusion, the coupled effect of the strong PVA-MWCNTs interfacial interaction, good wettability, and long infiltration period (24 hr) gives rise to the low porosity of PVA-infiltrated MWCNTs buckypaper.

### Elemental composition {#Sec7}

Energy dispersive X-ray (EDX) analysis of the surface of MWCNTs buckypaper and 65-BP/PVA buckypaper was performed to identify their elemental compositions. As illustrated in Table [2](#Tab2){ref-type="table"}, the high intensity of C-peak at \~0.25 keV confirmed that MWCNTs buckypaper contains a high mass fraction of carbon atoms (89.80 wt. %), while the intensity of O-peak at \~0.5 keV validated the presence of oxygen elements (8.72 wt. %) in MWCNTs buckypaper, owing to the oxidative treatment of MWCNTs using H~2~SO~4~/HNO~3~. The low intensities of Al-peak, Si-peak and Ca-peak signified that only a small amount of metal catalyst residues entrapped within the carbon layers of MWCNTs buckypaper, after simultaneously performing liquid phase oxidation. The presence of sulphur and the non-metallic element might be due to the addition of sulphuric acid, H~2~SO~4~ during oxidation and its function as MWCNTs growth promoter during the synthesis of MWCNTs by chemical vapour deposition^[@CR58]^. 65-BP/PVA composite exhibited a higher mass fraction of oxygen element (25.95 wt. %) than that of MWCNTs buckypaper (8.72 wt. %), due to the infiltration of PVA, containing hydroxyl groups (-OH) and the existence of carboxyl groups (-COOH) on the surface of PVA-infiltrated MWCNTs buckypaper after the oxidative treatment.Table 2EDX analysis of MWCNTs buckypaper and 65-BP/PVA composite.ElementsElemental composition (%)MWCNTs BP65-BP/PVA compositeC89.8073.17O8.7225.95Al0.420Na00.87Si0.120S0.330CI0.480Ca0.140

### Mechanical properties {#Sec8}

Tensile tests were performed to evaluate the mechanical behaviour of the MWCNTs BP (100 wt.%) and MWCNTs BP/PVA composites with 50 wt. %, 65 wt. % and 80 wt. % MWCNTs content respectively. The typical stress-strain curves for MWCNTs buckypaper and BP/PVA composites are depicted in Fig. [4](#Fig4){ref-type="fig"}, whereby the slope in the elastic deformation region represents Young's modulus. In this case, the tensile strength represents the maximum stress that BP samples can withstand under stretching before failure, while Young's modulus (modulus of elasticity) represents the stiffness and ability of BP samples to withstand deformation under tension. The strain-to-failure (or elongation-at-break) denotes the ratio of changed length and initial length after the breakage of BP samples.Figure 4Typical uniaxial tensile stress--strain curves of the MWCNTs buckypaper and BP/PVA composites.

As shown in Fig. [4](#Fig4){ref-type="fig"}, the stress-strain curves of BP samples are divided into two characteristic regions, which are elastic region and inelastic region. The stress-strain curve for 100-BP (black line) showed the flattest slope in the elastic region (ε \~ 2%), implying the low tensile strength (28.77 MPa) and Young's modulus (1.39 GPa) achieved. 100-BP sample (black line) showed a limited linear range, due to the contact separation and slippage between MWCNT bundles, which are entangled together by weak van der Waals interactions. Above the elastic limit at a stress of 27.8 MPa, MWCNTs buckypaper (or 100-BP) experienced inelastic deformation, resulting in permanent irreversible changes in the conductive MWCNTs network, even when the tensile load is removed. MWCNTs buckypaper was unable to recover to its original shape, due to the breakage of bonds between carbon atoms. The further increase in tensile load eventually led to the fracture of MWCNTs buckypaper at the narrow portion. Besides, a relatively narrow range of the stress-strain curve of 100-BP implied that low strain-to-failure (2.2%) was obtained, while an absence of the necking region in the stress-strain curve indicated that the MWCNTs buckypaper produced was brittle and less flexible.

Moreover, it was observed that the BP/PVA composites exhibited linear elastic deformation, followed by non-linear inelastic (or plastic) deformation and necking until the fracture of buckypaper samples occurred. During necking, strain localizes disproportionately in the small necking region of BP/PVA composites and a relatively lower tensile stress is required for the further elongation of the composite. The cross-section in the necking region of BP/PVA composites gradually decreases until the composites break abruptly. All of the stress-strain curves for MWCNTs BP/PVA composites generally showed steeper linear slopes in their elastic deformation regions (ε \~ 2.5--3%) respectively, as compared to that of MWCNTs BP (ε \~ 2%). Particularly, the stress-strain curve of 65-BP/PVA composite (blue line) displayed the steepest slope throughout the elastic region, evidencing the highest Young's modulus (4.02 GPa) and tensile strength (156.28 MPa) obtained. Both of the 80-BP/PVA composite (red line) and 50-BP/PVA composite (green line) exhibited slightly flatter slopes of the stress-strain curve in the elastic deformation range. The broad range of the stress-strain curve of 50-BP/PVA composite indicated that high strain-to-failure (6.8%) was obtained. This simply means that the 50-BP/PVA composite can be elongated up to 106.8% of its original length before the fracture of the composite occurs. A summary of the mechanical properties of the MWCNTs buckypaper and BP/PVA composites is presented in Table [3](#Tab3){ref-type="table"}.Table 3Summary of mechanical properties of MWCNTs buckypaper and BP/PVA composites with different MWCNTs loading.Sample nameTensile strength (MPa)Young's modulus (GPa)Strain-to-failure (%)100-BP28.771.392.2080-BP/PVA93.982.914.6665-BP/PVA156.284.025.8550-BP/PVA120.933.436.80

The tensile strength, Young's modulus and strain-to-failure of MWCNTs BP (or 100-BP) are 28.77 MPa, 1.39 GPa and 2.2% respectively. Both of the tensile strength and Young's modulus of MWCNTs BP were noticeably higher than the reported values of 0.68--7.5 MPa and 426--785 MPa in the literature respectively^[@CR57],[@CR59],[@CR60]^, a likely result of the comparatively higher MWCNTs content used. Nonetheless, the tensile strength and Young's modulus of 100-BP were significantly lower than that of the BP/PVA composites, possibly due to the interlayer slippage within MWCNTs and slippage between MWCNTs bundles^[@CR36]^. Interlayer slippage is inevitable as it is an inherent structural property of MWCNTs. Interlayer slippage within MWCNTs occurs due to the sliding of graphene layers of MWCNTs, while the slippage between MWCNTs bundles occurs due to the weak van Der Waals attraction between MWCNTs^[@CR37]^. In addition, the poor mechanical properties of the 100-BP sample can be attributed to the aggregation of MWCNTs at high loading (100 wt.%) and the lower energy required to de-bridge the MWCNTs bundles during crack formation and crack propagation^[@CR61]^.

The tensile strength of PVA-infiltrated MWCNTs buckypaper samples (or BP/PVA composites) produced ranged from 93.98--156.28 MPa, while the Young's modulus ranged from 2.1--4.02 GPa and the strain-to-failure ranged from 4.66--6.80%, varied according to the MWCNTs content. The overall results revealed that PVA-infiltrated MWCNTs buckypapers have higher tensile strength, Young's modulus and strain-to-failure, as compared to MWCNTs BP. This enhancement of mechanical properties was probably due to the improved interfacial interactions between the PVA matrix and MWCNTs. During the soaking process, the PVA solution diffused into the buckypaper and easily interacted with the oxidized MWCNTs. In addition, hydrogen bonding between the hydrophilic oxygen-containing functional groups (e.g. -COOH, -OH, C=O) may also contribute to the improved interactions between PVA hydroxyl groups and MWCNT carboxyl groups. When MWCNTs buckypaper was impregnated with PVA solution, the hydroxyl groups (O-H) of PVA can interact with hydroxyl (O-H), carbonyl (C=O) and carboxyl (-COOH) groups on the MWCNTs surface. Thus, the strong interfacial adhesion between functionalized MWCNTs and PVA matrix was achieved, greatly enhancing the dispersion and the corresponding mechanical properties of the composites^[@CR62]^.

There was a huge variation in the mechanical properties among the BP/PVA composites. Table [3](#Tab3){ref-type="table"} showed that the strain-to-failure of the composites decreases, when higher MWCNTs content is present in the composites. This is due to an increased restriction of PVA chain mobility under the presence of MWCNTs. The tensile strength and modulus do not show monotonic trend with the MWCNTs content. Among the BP/PVA composites, 65-BP/PVA composite achieved the highest tensile strength (156.28 MPa) and Young's modulus (4.02 GPa), due to the possible complete infiltration of PVA into the MWCNTs network. The porous MWCNTs network was completely filled with soluble PVA solution, which resulted in an improved interfacial bonding between MWCNTs and PVA matrix and the corresponding better mechanical properties. The tensile strength of 65-BP/PVA composite produced by the soaking method (156.28 MPa) was higher than the reported tensile strength of MWCNTs/PVA composites (27.9--51.1 MPa) produced from solution mixing method^[@CR63],[@CR64]^. Besides, Young's modulus of 65-BP/PVA composite (4.02 GPa) was also remarkably higher than the reported values of MWCNTs BP/PVA ranged from 0.25 to 1.37 GPa, produced from similar soaking method^[@CR57],[@CR65]^. However, the further addition of PVA polymer onto the MWCNTs buckypaper caused Young's modulus to decrease from 4.02 to 3.43 GPa respectively. This effect may be attributed to the significant decrease in the tensile strength from 156.28 to 120.93 MPa, as a result of higher PVA content and lower MWCNTs content (50 wt. %) in the composite. When a higher amount of PVA solution was added, PVA grafted to the surface of MWCNTs BP quickly, causing the pores at the surface to block by part of the insoluble PVA hydrogel. The presence of non-uniform localized PVA deposit on the surface of BP/PVA composite restricted the diffusion of soluble PVA solution into the MWCNTs BP. These phenomena might lead to an incomplete infiltration of PVA into the inner core of the MWCNTs BP and also resulted in a limited improvement in mechanical properties for 50-BP/PVA composite.

In conclusion, the incorporation of PVA polymer into MWCNTs BP can dramatically enhance the mechanical properties of the composites. Based on the mechanical characterization, the MWCNTs content of 65 wt. % was found to be the optimized MWCNTs loading for the synthesis of flexible PVA-infiltrated MWNCTs buckypaper for strain sensing application. The Young's modulus, tensile strength and strain-to-failure of 65-BP/PVA composite improved by 443%, 189% and 166% respectively, as compared to MWCNTs BP. The improvement of mechanical properties of 65-BP/PVA composite was evidenced by the intensive intermolecular-level interactions between MWCNTs and PVA chain molecules, as well as the high degree of PVA infiltration into the porous MWCNTs network. The improved interfacial adhesion between PVA and MWCNTs allows the effective load transfer from PVA matrix to MWCNTs, further verifying the feasibility of 65-BP/PVA composite produced for strain sensing application.

Electrical properties {#Sec9}
---------------------

### Two-point probe method {#Sec10}

Buckypaper has an electrical resistance that encompasses three major components: the contact resistance between the MWCNTs, the tunnelling resistance between the neighbouring MWCNTs and intrinsic resistance of the individual MWCNTs^[@CR66],[@CR67]^. A dense network of conductive MWCNTs in buckypaper promotes a seamless flow of current through the buckypaper^[@CR68]^. To evaluate the electrical performance of buckypaper strain sensor, DC electric measurement of BP samples was performed using digital multimeter based on the concept of two-point probe method, in accordance to ASTM D4496-13 standard. The trend of electrical resistance and conductivity of the samples with respect to MWCNTs content in the composites using two-point probe method was presented in Fig. [5](#Fig5){ref-type="fig"} below.Figure 5Electrical resistance and conductivity of buckypaper samples as a function of MWCNTs content in the composites using two-point probe method.

It can be noticed that a non-linear trend of the conductivity curve was obtained, whereby the electrical resistance of samples declines and the conductivity increases exponentially, as the MWCNTs content in the composites becomes higher. The electrical conductivity of oxidized MWCNTs BP (100 wt. %) was found to be 1.03 × 10^3^ S/m, lied within the range of BP conductivity (6.6 × 10^2^ to 2 × 10^4^ S/m) reported in the literature ^[@CR41],[@CR57],[@CR69],[@CR70]^. For example, Han *et al*.^[@CR41]^ impregnated both pristine BP (p-BP) and functionalized BP (f-BP) nanocomposites with epoxy (EP) resin. Comparing the BP/EP and neat BP, the electrical conductivity of p-BP/EP obtained decreased by 200% from 5.7 × 10^3^ S/m to 1.9 × 10^3^ S/m, while the electrical conductivity of f-BP/EP obtained decreased by 218% from 2.1 × 10^3^ S/m to 6.6 × 10^2^ S/m^[@CR41]^. DeGraff *et al*.^[@CR70]^ fabricated printable low-cost and flexible MWCNTs-BPs strain sensor with an electrical conductivity of 2 × 10^4^ S/m.

The high conductivity of MWCNTs BP (100 wt. %) was attributed to the uniform dispersion and the dense packing of MWCNTs buckypaper, leading to better contacts among the MWCNTs. However, the electrical conductivity of oxidized MWCNTs BP obtained may be slightly affected by the surface modification of MWCNTs. Marcelino *et al*.^[@CR71]^ reported that the electrical conductivity of the surface-modified MWCNT composite was lower than that of the unmodified MWCNTs composites with 510 S/m. This effect was ascribed to increased defects in the lattice structure of C-C bonds on the MWCNTs surface as a result of the acid treatment. Besides, Thakur and his coworker reported that chemical functionalization disrupted the extended π-conjugation of covalently-functionalized MWCNTs composite and hence reduced their electrical conductivity^[@CR72]^. Nonetheless, the electrical conductivity of MWCNTs buckypaper was still higher than that of PVA-infiltrated MWCNTs buckypapers fabricated using both methods, as shown in Table [4](#Tab4){ref-type="table"} and Table [5](#Tab5){ref-type="table"} respectively.Table 4Summary of electrical properties of PVA-infiltrated MWCNTs buckypaper samples measured using two-point probe method.Sample nameFilm thickness (mm)Average electrical resistance, R (Ω)Bulk resistivity, ρ~b~ (Ωm)Electrical conductivity, σ (S/m)100-BP0.505.819.67 × 10^−4^1.03 × 10^3^80-BP/PVA0.6311.722.46 × 10^−3^4.07 × 10^2^65-BP/PVA0.6519.604.68 × 10^−3^2.35 × 10^2^50-BP/PVA0.6841.219.34 × 10^−3^1.07 × 10^2^Table 5Summary of electrical properties of buckypaper samples measured using the four-point probe method.Sample nameElectron density, N~e~ (cm^−3^)Electron mobility, μ~e~ (cm^2^/Vs)Electrical resistance, R (Ω)Bulk resistivity, ρ~b~ (Ω m)Electrical conductivity, σ (S/m)100-BP1.23 × 10^21^1.53 × 10^−1^6.633.30 × 10^−4^3.03 × 10^3^80-BP/PVA9.72 × 10^20^5.25 × 10^−2^12.321.22 × 10^−3^8.17 × 10^2^65-BP/PVA4.79 × 10^20^9.40 × 10^−2^15.041.39 × 10^−3^7.21 × 10^2^50-BP/PVA5.44 × 10^20^7.87 × 10^−2^25.911.46 × 10^−3^6.86 × 10^2^

From Table [4](#Tab4){ref-type="table"}, it can be observed that the polymer intercalation of MWCNTs buckypaper has increased the thickness, electrical resistance and resistivity of the composites. As compared to MWCNTs buckypaper, BP/PVA composites exhibited reduced electrical conductivity (up to 90%), due to the presence of a transparent PVA layer on the surface of the composite during the infiltration process. During the infiltration process, PVA grafted to the surface of buckypaper quickly and filled up the pores of buckypaper. As the amount of PVA solution increases, a significantly thicker layer of transparent PVA surface deposition was formed, resulting in a higher surface resistance measurement. This led to a higher value of bulk resistivity and a corresponding lower conductivity. In other words, the highest bulk resistivity and the corresponding lowest electrical conductivity observed for 50-BP/PVA composite is an indication of a thicker layer of PVA surface deposit, as compared to other BP/PVA composites.

This phenomenon can be further proved by the slight increase in the thickness of BP/PVA composites from 0.63 to 0.68 mm, as a result of more PVA clinging to the surface of MWCNTs buckypaper. In addition, the decline in electrical conductivity observed among the MWCNTs BP/PVA composites, may be attributed to the high electrical insulating behaviour of PVA polymer. The attachment of electrically insulating PVA at the interface of the composite increases the surface and bulk resistivity, which results in a lower conductivity. The penetration of electrically insulating PVA into the porous MWCNTs network fills the gaps between adjacent MWCNTs, which may cause the reduced availability of electrically conductive pathways and the increase in contact and tunnelling resistances between adjacent MWCNTs.

### Four-point probe method (Hall effect measurement) {#Sec11}

The electrical properties (e.g. charge carrier (e.g. ions, electron or holes) density, electron mobility, resistivity and conductivity) of the MWCNTs BP samples were further investigated by a four-point probe technique using a van der Pauw Hall effect measurement system (Ecopia HMS 3000, Korea). The results of electrical characterization using Hall effect measurement are depicted in Fig. [6](#Fig6){ref-type="fig"} respectively.Figure 6Electrical properties of BP samples as a function of MWCNTs content using four-point probe method: (**a**) Electrical resistance and conductivity (**b**) Electron mobility and electron density.

As shown in Fig. [6(a)](#Fig6){ref-type="fig"}, the electrical conductivity of buckypaper samples exhibited a positive trend, while the electrical resistance of buckypaper samples exhibited a negative trend when subjected to the increment of MWCNTs content in the composite. High MWCNTs content in the composite implies that a correspondingly lower amount of PVA solution is present in the composite. Overall, the trends obtained were similar to that of using a two-point probe method. A summary of the electrical properties of buckypaper samples measured using the four-point probe method was also tabulated in Table [5](#Tab5){ref-type="table"}. As shown in Fig. [6(b)](#Fig6){ref-type="fig"} and Table [5](#Tab5){ref-type="table"}, the highest electrical conductivity obtained in MWCNTs buckypaper (3.03 × 10^3^ S/m) was ascribed to the higher electron density (1.23 × 10^21^ cm^−3^) and electron mobility (1.53 × 10^−1^ cm^2^/Vs), as well as a higher content of MWCNTs (100 wt. %). Higher content of MWCNTs creates a denser network of electrical conducting pathways, which result in a lower bulk electrical resistivity and higher electrical conductivity. The high conductivity of 100-BP obtained proved that the electronic structure of MWCNTs buckypaper (or 100-BP) produced was well-preserved. On the other hand, the infiltration of PVA has caused the electronic conductivity to be generally lower than the 100-BP without infiltration, as shown in Fig. [6(a)](#Fig6){ref-type="fig"}. The electrical conductivities of PVA-infiltrated BPs are within an order of 10^2^ S/m, which is possibly acceptable for the strain sensing application.

Besides, the carrier densities of all samples lied within the range of 10^20^--1021 cm^−3^, which were found to be higher than the carrier density reported in earlier studies (10^18^--10^19^ cm^−3^)^[@CR73]^. Among the BP/PVA composites, 65-BP/PVA composite attained the highest electron mobility (9.40 × 10^−2^ cm^2^/Vs), but with the lowest carrier (electron) density (4.79 × 10^20^ cm^−3^). This indicated that the low-density electrons can move freely through the composite at a faster rate, leading to a better strain sensing performance. Thus, the electrical conductivity of buckypaper samples was found to be proportional to the product of electron density, N~e~ and electron mobility, μ~e~, in which q is the electric charge (1.6 × 10^−19^ C), as shown in the Eq. [1](#Equ1){ref-type=""}.$$\documentclass[12pt]{minimal}
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In conclusion, both methods have proven that the electrical conductivity of MWCNTs buckypaper decreased when subjected to the polymer infiltration of polyvinyl alcohol (PVA) solution. The electrical conductivity of PVA-infiltrated MWCNTs buckypaper was dominated by the thickness of the electrically insulating PVA layer. The thicker the PVA layer, the lower the conductivity. Thus, the control of the PVA layer entails the optimization of the PVA infiltration process, including the amount and concentration of the PVA solution, as well as the soaking time. The high degree of polymer intercalation has led to a decrease in electrical conductivity of PVA-infiltrated MWCNTs buckypaper from 4.07 × 10^2^ to 1.07 × 10^2^ S/m (2-point probe method) and from 8.17 × 10^2^ to 6.86 × 10^2^ S/m (4-point probe method) at room temperature, up to 50 wt. % MWCNTs. Noticed that in general, a higher electrical conductivity of BP samples was obtained using a 4-point probe method, which may be attributed to the elimination of contact resistances from the measurement. Nonetheless, MWCNTs BP/PVA composite fabricated are still considered as highly conductive, outperforming the conventional MWCNTs/polymer composites with low electrical conductivities ranged from 10^−9^ to 10^−2^ S/m^[@CR14]--[@CR16],[@CR45],[@CR46]^. Particularly, both 80-BP/PVA (4.07 × 10^2^ S/m) and 65-BP/PVA composites (2.35 × 10^2^ S/m) achieved higher electrical conductivity than the reported MWCNTs BP/TPU composite (1.1 × 10^2^ S/m), with similar soaking method^[@CR10]^. Considering the differences in the materials and preparation methods, the conductivity values obtained are within the experimental accuracy.

### Electromechanical response {#Sec12}

The resistance--strain dependence of samples was examined to evaluate the potential of the BP/PVA composite as a strain sensor. For the study of piezoresistivity effect, several BP samples infiltrated with different amount of PVA solution were fabricated. The electromechanical properties of the composite were evaluated in the elastic range (ε \~ 2.0%). Figure [7](#Fig7){ref-type="fig"} presents the relative resistance change (ΔR/R~0~, R~0~ is the original resistance in the unloaded condition and ΔR is the instantaneous change in resistance) as a function of mechanical strain of BP/PVA composites. MWCNTs buckypaper prepared (denoted as 100-BP) was included for the comparison purpose.Figure 7Relative resistance change as a function of mechanical strain of BP/PVA composites in the elastic zone.

As shown in Fig. [7](#Fig7){ref-type="fig"}, the relative resistance changes of all samples were found to increase linearly with the strain applied. The increment of resistance change with strain can be attributed to the reduction of the conductive MWCNTs network density and the increase of inter-tube distances induced by tensile strains. Upon tension, the cross-sectional area of the samples decreases and the length of the samples increases. The continual stretching of the BP samples increase in the gap between MWCNTs bundles and the decrease in a number of conductive paths in the BP network, resulting in an increase in electrical resistance. In fact, early studies have suggested that under structural deformation of MWCNTs network, the transformation of local bonding configuration has changed from sp^2^ to nearly sp^3^ configurations^[@CR22],[@CR74]^. In the elastic deformation zone for strain up to 2.0%, the relation between ΔR/R~0~ and ε is fairly linear, thus the gauge factor can be calculated as the slope of the curve. When the mechanical deformation exceeds 2.0%, a non-linear trend is expected, in which the slope increases gradually until film fracture. At the film fracture, the discontinuity in ΔR/R~0~ occurs, as the MWCNTs network in the composite is disrupted and the samples fail to recover due to the structural degradation caused by large strain.

By fitting straight lines to the resistance--strain curves, the gauge factors (a measure of sensor's sensitivity) of MWCNTs buckypaper and their composites were determined from the linear slopes of the curves. As illustrated in Fig. [7](#Fig7){ref-type="fig"}, the 50-BP/PVA (black line) composite demonstrated the steepest line, with the highest ΔR/R~0~ obtained at the same strain level, indicating that the highest sensitivity of composite was achieved, as compared to the other samples. 100-BP (blue line), 65-BP/PVA (red line) and 80-BP/PVA (green line) composites exhibited similar linear piezoresistive behaviour, but with flatter slopes respectively. In contrast, the non-linear trend of the piezeresistive response of MWCNTs/polymer composite under high deformation has also been reported in the literature. Tadajaluru and his coworkers observed the nonlinearity of the piezeresistive response of MWCNTs/natural rubber composite film, due to non-uniform deformation of the conducting layers on the natural rubber^[@CR75]^. Hu *et al*.\[ref\] reported that the resistance increased non-linearly under large mechanical deformation of 6000 με, due to the increased tunnelling resistance between neighbouring MWCNTs. The non-linear behaviour of the MWCNTs/epoxy resin composite strain sensor may also be attributed to the creation of defects, disorders and micro-cracks on the composite^[@CR76]^.

As listed in Table [6](#Tab6){ref-type="table"}, the 50-BP/PVA composite strain sensor attained the highest sensitivity (2.92 ± 0.05), followed by 65-BP/PVA (2.59 ± 0.05), 80-BP/PVA (1.89 ± 0.05) and 100-BP (0.74 ± 0.05). The smallest gauge factor obtained by 100-BP sample was probably related to the stiffness of MWCNTs buckypaper, which only resulted in a minor change of MWCNTs intrinsic resistance. Regardless, the gauge factor of 100-BP obtained (GF \~ 0.74) was still higher than that of the reported MWCNTs buckypaper, fabricated using vacuum filtration method (GF \~ 0.3482)^[@CR77]^. The relatively higher gauge factor of BP/PVA composites may be associated with the significant increase in the tunnelling resistance, which is reported to increase exponentially with the inter-particle distance^[@CR78]^. The increased in tunnelling resistance under mechanical strain may be associated with the increasing of gaps between the MWCNT bundles, which is separated by the electrically insulating PVA matrix. Therefore, the greater the amount of PVA in the composite, the higher the gauge factor of the composite strain sensor obtained. Similarly, according to Hu *et al*.^[@CR76]^, the electromechanical properties (sensitivity) of the composite were also improved by the increase in tunnelling resistance. In addition, another reason for the higher gauge factor of BP/PVA composites obtained was probably due to the increase in contact resistance due to the decreasing contact areas between adjacent MWCNTs, under stretching. To sum up, the gauge factor of all BP/PVA composites was typically higher than the gauge factor of MWCNTs/polymer composites reported in the literature, which ranged from 0.1 to 1.5^[@CR15],[@CR45],[@CR79]--[@CR81]^.Table 6Calculated gauge factor of PVA-infiltrated MWCNTs buckypaper samples.Sample nameGauge factor calculated100-BP0.74 ± 0.0580-BP/PVA1.89 ± 0.0565-BP/PVA2.59 ± 0.0550-BP/PVA2.92 ± 0.05

To fully unveil the performance of the MWCNTs BP/PVA composites as a strain sensor, a cyclic uniaxial tensile test was conducted to investigate the electromechanical behaviour of the strain sensors during multiple loading-unloading cycles. MWCNTs buckypaper and their composites were tensile-tested under three loading-unloading cycles, within its elastic regime (ε \~ 2%). The relationships of relative resistance change and tensile strain versus time of 65-BP/PVA composite and 100-BP sample are shown in Figs [8](#Fig8){ref-type="fig"} and [9](#Fig9){ref-type="fig"} respectively.Figure 8Piezoresistive response of 65-BP/PVA composite under three loading and unloading cycles at 2% strain.Figure 9Piezoresistive response of 100-BP sample under three loading and unloading cycles at 2% strain.

As shown in Fig. [8](#Fig8){ref-type="fig"}, the strain was applied by a linear ramp-up to a strain, ε of 2.0%, followed by subsequent unloading to a strain, ε of 0% and then subjected to two repetitions of identical loading-unloading cycles. From the cyclic uniaxial tensile test performed over 300 seconds (Fig. [8](#Fig8){ref-type="fig"}), a repeatable nearly-linear response to three loading-unloading cycles was observed, indicating the 65-BP/PVA composite displayed remarkable reproducibility and hysteresis-free operation, in the elastic regime of the strain sensor. This response was maintained for all three cycles without any significant resistance drifting, as no significant phase difference between the piezoresistive response of the composite and the applied load was observed. The hysteresis phenomenon typically occurs in viscoelastic material, which exhibits a time delay in returning to the original shape of the material, due to the energy loss during the loading-unloading cycle. However, in this case, the absence of hysteresis effect in 65-BP/PVA composite was observed in the elastic regime under three consecutive loading-unloading cycle, validating the suitability of BP/PVA composite as a strain sensor. In the elastic regime (ε \~ 2%), the deformation of MWCNTs conductive networks in the composite was assumed to be reversible. After subsequent cyclic tension, the conductive networks stay in the original form and therefore the maximum ΔR/R~0~ can return to their initial value (4.85%). Besides, the strain signal of the 65-BP/PVA composite sensor also returned to zero after completing each consecutive loading-unloading cycle, evidencing the capability of the 65-BP/PVA composite to follow the applied strain under cyclic loading. In a previous study, the relative change in electrical resistance of SWCNTs/PDMS composite showed uniform repeated cyclic trend during the cycling between 2.0 and 5.4% strain^[@CR30],[@CR82]^. Similarly, when subjected to three-cycles of uniaxial tensile loading-unloading, the electrical resistance changes of 65-BP/PVA composite varied in tandem with applied strains. This phenomenon indicated that the 65-BP/PVA composite exhibited linear and reproducible piezoresistive response to the three loading-unloading cycles applied, without destroying the arrangement of MWCNTs networks.

On the other hand, the strain signal of the 100-BP did not revert exactly to zero after each loading-unloading cycle, but remained at a strain of around 0.2%, indicating that the sample was unable to return to its original shape upon unloading. Besides, the maximum ΔR/R~0~ slightly increased after each consecutive loading-unloading cycle (Fig. [9](#Fig9){ref-type="fig"}), that may be attributed to the possible hysteresis effect and irreversible destruction of the MWCNTs conductive networks in the buckypaper as a result of permanent deformation. The permanent deformation of the 100-BP sample was caused by an increase in the sample's original length upon tensile strain unloading. This led to an increase of gap between MWCNTs and a decrease in contact areas between MWCNTs in the network, which resulted in an increase in tunnelling and contact resistances. Therefore, a relatively higher maximum ΔR/R~0~ at both 2^nd^ and 3^rd^ cycle was observed. In summary, the cyclic uniaxial tensile test has validated that the 65-BP/PVA composite displayed a hysteresis-free operation and high reproducibility under 3 loading-unloading cycles, as compared to MWCNTs buckypaper strain sensor (or 100-BP).

In summary, the strain sensing capability (or gauge factor) of BP/polymer nanocomposite was proved to be mainly governed by three major aspects, such as piezoresistivity of strained individual MWCNTs, the contact resistance change due to the increase/decrease of the contact areas between MWCNTs, as well as the tunnelling resistance change between neighbouring MWCNTs due to the change in inter-tube distances^[@CR83]^. A linear relationship between the relative resistance change and the strain deformation was obtained for all BP/PVA composites, in the elastic range (ε \~ 2.0%). Particularly for 65-BP/PVA composite, a repeatable nearly-linear response to three loading-unloading cycles was observed. This phenomenon indicated that the 65-BP/PVA composite strain sensor demonstrated remarkable reproducibility, in which similar repeated resistance-strain behaviour was observed under cyclic loading-unloading. These behaviours have validated the electromechanical performance of the BP/PVA composites and their suitability for strain sensing application.

Conclusion {#Sec13}
==========

MWCNTs BP/polyvinyl alcohol (PVA) composites were successfully fabricated by a sequence of vacuum filtration and polymer intercalation technique. The PVA infiltration into the porous MWCNTs network enhanced the strain transfer from PVA matrix to MWCNTs in the composite by providing strong interfacial adhesion between the PVA and MWCNTs. The realization of the covalent functionalization of MWCNTs by acid treatment (H~2~SO~4~/HNO~3~) was proved from the FTIR analysis, in which the strongly hydrogen-bonded oxygen-containing functional groups (C=O carbonyl, -OH hydroxyl and -COOH carboxyl moieties) were attached on MWCNTs surface. The optimized conditions for achieving uniform and stable dispersion of MWCNTs suspension was found to be at an ultrasonic amplitude of 54 μm and a sonication time of 40 min, using ethanol as the dispersion medium. The surface modification of MWCNTs buckypaper by infiltrating MWCNTs buckypaper into polyvinyl alcohol (PVA) solution was also successfully achieved. Energy dispersive X-ray (EDX) analysis proved the complete infiltration of PVA solution, as BP/PVA composite exhibited a higher mass fraction of oxygen element (25.95 wt. %) than that of MWCNTs BP (8.72 wt. %). Field emission scanning electron microscopy (FESEM) performed showed that uniformly distributed MWCNTs networks were formed in the composites, forming relatively defect-free composite films.

Finally, the mechanical, electrical and electromechanical properties of the composites with different MWCNTs contents were characterized. MWCNTs BP/PVA composite produced were proved to be more satisfactory for strain sensing application, as compared to MWCNTs buckypaper. Particularly, BP/PVA composite with MWCNTs content of 65 wt.% was found to be the most-suitable composite for strain sensing application. The reasons are the tensile strength, Young's modulus and elongation-at-break of 65-BP/PVA composite achieved a maximum value of 156.28 MPa, 4.02 GPa and 5.85%, improved by 189%, 443% and 166% respectively, as compared to the MWCNTs BP. 65-BP/PVA composite also showed a significant sensitivity improvement of 250% up to a gauge factor of 2.59. The cyclic uniaxial tensile test proved the high reproducibility and hysteresis-free operation of 65-BP/PVA composite under 3 loading-unloading cycles in the elastic regime (ε \~ 2%). Therefore, 65-BP/PVA composite fabricated was potentially suitable for strain sensing applications, especially in structural health monitoring, wearable technology for human motion detection, as well as can be an alternative choice to the conventional metallic and semiconductor strain sensors.

Materials {#Sec14}
---------

MWCNTs (diameter of 16--23 nm, purity of 98%) were produced from tubular microwave-assisted chemical vapor deposition (TMCVD) method^[@CR84]^. Both analytical grade concentrated nitric acid, HNO~3~ (70%) and concentrated sulfuric acids, H~2~SO~4~ (98%) were received from Fisher Scientific. EMSURE® ISO standard sodium hydroxide pellets were supplied from Merck Millipore. Poly(vinyl alcohol) PVA powder (99% hydrolyzed) with an average molecular weight of 85,000--124,000 gmol^−1^ was purchased from Sigma Aldrich. Ethanol (99.5%), acetone (99.4%) and methanol (99.8%) were purchased from Systherm Chemicals Malaysia. Hydrophilic polytetrafluoroethylene (PTFE) filter membranes with a pore size of 0.45 µm and a diameter of 47 mm were purchased from Merck Millipore.

Methods {#Sec15}
=======

Fourier-transform infrared (FTIR) analysis was performed using FTIR spectroscopy (PerkinElmer) to identify the functional groups attached to MWCNTs. The IR spectra were collected from 500 to 4000 cm^−1^. The zeta potential of MWCNTs dispersed in different types of solvent were measured using Zetasizer Nano ZS (ZEN3600, Malvern). The microscopic surface features of buckypaper were observed using a scanning electron microscope (FEI Quanta 400 SEM) imaging technique with a magnification of 100,000x at an accelerating voltage of 20 kV. Energy dispersive X-ray (EDX) analysis was performed using the EDX spectroscopy (Oxford-Instruments INCA 400 with X-Max Detector). For mechanical characterization, the tensile performance of rectangular-shaped MWCNTs buckypaper samples (20 mm × 5 mm) was evaluated using a computerized tensile test machine (Lloyd LR10K Plus). The specimen geometry and dimensions were selected by rescaling the specimen type 2 recommended by the ISO 527-3 standard, similar to ASTM D-882 standard. A constant extension rate of 0.1 mm/min was applied until the fracture of films occurred. For the electrical characterization, two copper conductive strips were attached at the opposite ends of buckypaper samples using silver adhesive to minimize contact resistance, with a gauge length of 15 mm. DC electric resistance measurement was carried out with a digital multimeter (Sanwa Japan CD800a) using two-point probe method, in accordance to ASTM D4496-13 standard. The surface resistivity (ρ~s~) and bulk resistivity (ρ~b~) were calculated using the following Eqs [2](#Equ2){ref-type=""} and [3](#Equ3){ref-type=""}.$$\documentclass[12pt]{minimal}
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The thickness of MWCNTs based films was measured using a digital display micrometer (Mitutoyo Japan). Finally, the corresponding electrical conductivity, σ was calculated using Eq. [4](#Equ4){ref-type=""}.$$\documentclass[12pt]{minimal}
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The electrical properties (electron density, electron mobility, resistivity and conductivity) of the MWCNTs BP samples were further investigated by a four-point probe technique using a van der Pauw Hall measurement system (Ecopia HMS 3000, Korea), applied under magnetic field at a temperature of 300 K. By sourcing a known direct current, I of 15 mA through the outer probes and measuring the resulting voltage drop ∆V, the resistance of the samples can also be determined by applying Ohm's Law (R = ∆V/I). For electromechanical characterization, the sensitivity of the strain sensor is quantified as a gauge factor (GF), expressed as the ratio of relative change in electrical resistance to applied strain, as shown in Eq. [5](#Equ5){ref-type=""}.$$\documentclass[12pt]{minimal}
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The change in resistance of buckypaper samples was constantly measured using a digital multimeter (Agilent 34401 A) as a function of strain applied. The gauge factor was measured in the linear elastic deformation zone (ε \~ 2%). The cyclic uniaxial tensile test was performed by employing three loading-unloading cycles in the linear elastic region (ε \~ 2%) and the relative resistance change as a function of mechanical strain was measured over a period of 300 s. The characterizations were repeated three times for each type of strain sensor to ensure the consistency and reproducibility of data.

Preparation of functionalized MWCNTs {#Sec16}
------------------------------------

MWCNTs were immersed in a mixture of concentrated H~2~SO~4~ (98%)/HNO~3~ (70%) (3:1 v/v) to introduce oxygenated groups on the surface of the MWCNTs through covalent functionalization. The mixture was bath-sonicated under the mild acidic condition for 3 hr at room temperature. Bath sonication in combination with acid treatment was performed to create defects in the carbon lattice so that the carboxyl groups can attach to the surface of MWCNTs. Simultaneously, the treatment also purifies the MWCNTs by removing any residual metallic catalyst. The acidic mixture was poured into a large beaker containing distilled water. Sodium hydroxide was added to neutralize the strong acidic conditions of the mixture. The mixture was left overnight for the settling of MWCNTs under gravity. The supernatant was removed and the remaining mixture was filtered using a PTFE filter membrane. Oxidized MWCNTs attached on the surface of PTFE filter membrane were rinsed repeatedly with deionized water until a neutral solution with pH of around 7 is obtained. Oxidized MWCNTs were dried overnight in a vacuum oven (Tech-Lab Scientific, TVAC-92) at 60 °C to remove all water content.

Preparation of oxidized MWCNTs buckypaper {#Sec17}
-----------------------------------------

400 mg oxidized MWCNTs were initially mixed in 50 ml ethanol. The suspension was dispersed using low power ultrasonic bath cleaner for 1 hour, followed by high power (500 W, 20 kHz) probe-ultrasonication for 40 min at 60% ultrasonic amplitude (54 μm) using a probe sonicator (SonoMechanics, LSP-500). Pulse mode of probe-sonicator was selected, in which sonication energy was applied to the MWCNTs suspension at 15 sec intervals to prevent overheating. Few drops of methanol are added to further promote the hydrophilicity of the PTFE filter membrane, by opening up the pore of the membrane. The uniformly dispersed mixture was then filtrated through the hydrophilic PTFE filter membrane using a diaphragm type vacuum pump (ULVAC DTC-41). After the filtration process, MWCNTs buckypaper was repeatedly washed with deionized water to remove any adsorbed methanol on the buckypaper surface. Finally, MWCNTs buckypaper samples were carefully peeled off from the PTFE filter membrane. Free-standing MWCNTs buckypaper samples were dried in a vacuum oven for 24 h at 60 °C and were weighed to determine the corresponding mass of buckypaper.

Preparation of PVA-infiltrated MWCNT buckypaper {#Sec18}
-----------------------------------------------

The choice of a polymer containing suitable functional groups is vital to develop strong interfacial interaction between the polymer matrix and MWCNTs filler. Among different kinds of polymers, water-soluble synthetic polymer, poly(vinyl alcohol) (PVA) with a chemical formula of (C~2~H~4~O)~n~ is an ideal candidate to be used as the composite matrix, due to the biodegradable and low-cost advantage. Pre-experimental testing was conducted to ensure that the viscosity of the PVA solution prepared was not too high and no residues were formed. A clear 10 wt. % liquid PVA solution is prepared by dissolving PVA powder in deionized water under bath sonication (25 °C) for 30 min and mechanical stirring (600 rpm, 120 °C) for 2 hr, in an alternating sequence.

As-prepared MWCNTs buckypaper was temporarily soaked in pure acetone to render the MWCNTs buckypaper hydrophilic and to facilitate the formation of hydrogen bonds with the PVA solution. To prepare MWCNTs BP/PVA composites with different MWCNTs loadings, MWCNTs buckypaper fabricated were impregnated with different amounts of 10 wt. % PVA solution for a period of 24 h to ensure that the buckypaper was completely infiltrated with PVA solution. Subsequently, PVA-infiltrated MWCNTs buckypaper with different weight loadings were dried overnight in a vacuum oven at 60 °C. The weight fraction of MWCNTs in the BP/PVA composite samples was calculated by dividing the mass of the dried MWCNTs buckypaper with the mass of the BP/PVA composite samples. The final samples were designated as *x-BP* (without polymer infiltration) and *x-BP/PVA* (with polymer infiltration), whereby *x* is the weight percentage of MWCNTs in the composite.
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